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ABSTRACT 
Production and utilization of corn-based fuel ethanol has dramatically increased in recent years.  Concomitantly, 
so has the amount of nonfermentable processing residues.  These coproducts are fed to livestock, primarily 
ruminants (beef and dairy cattle), and to a certain degree swine and poultry.  But how much can be consumed by 
livestock before the feed markets become saturated?  The sale of these distillers grains are key to the ethanol 
industry’s viability.  But long-term sustainability will be dependent upon the development of diverse value streams 
from the corn kernel, both pre- and post-fermentation.  The objective of this project is to discuss several new 
opportunities for corn ethanol coproduct utilization.  These include evolving production processes, modifications 
which improve the digestibility of the residues, upstream and downstream nutrient fractionation, using DDGS (or 
specific components thereof) as neutraceuticals, as ingredients in human foods, as biofillers in plastics, as 
feedstocks for the production of bioenergy (i.e., heat and electricity, thermochemical conversion, anaerobic 
digestion), and as substrates for the further production of ethanol or other biofuels (such as biodiesel).  
Developing and deploying these potential applications in the marketplace will increase the utility and value of 
fermentation coproducts, will improve manufacturing economics and augment the viability of the corn-based 
ethanol industry, and will move the industry toward next-generation biorefineries. 
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Channel catfish 
EXPANDING USES FOR CURRENT COPRODUCTS 
CONCLUSIONS 
Coproducts are one key to the economic viability of corn ethanol production.  As the industry has grown, the importance of distillers grains and 
other coproducts has also increased. Conversion of starch from corn and other grains into biofuels is one step on the path to sustainable energy 
independence.  Corn-based ethanol plants will continue to be a cornerstone in the growing biorefining and biofuels industries.  So DDGS and 
other coproducts will play increasing roles in the feed, food, and industrial sectors for years to come, both domestically and internationally. 
 
REFERENCES 
•  Kleinschmit, D. H., J. L. Anderson, D. J. Schingoethe, K. F. Kalscheur, and A. R. Hippen. 2007a. Ruminal and intestinal degradability of distillers 
grains plus solubles varies by source.  J. Dairy Sci. 90: 2909-2918. 
•  Kleinschmit, D. H., D. J. Schingoethe, A. R. Hippen, and K. F. Kalscheur. 2007b.  Dried distillers grains plus solubles with corn silage or alfalfa 
hay as the primary forage source in dairy cow diets.  J. Dairy Sci. 90: 5587-5599. 
•  Liu, K. and K. A. Rosentrater.  2011.  Distillers Grains: Production, Properties, and Utilization.  Taylor and Francis.  (Forthcoming). 
•  RFA. 2010.  Biorefinery locations.  Renewable Fuels Association, Washington, DC.  Available online: http://www.ethanolrfa.org/bio-refinery-
locations/.  Accessed Dec. 1, 2010. 
•  Rosentrater, K. A. and R. Srinivasan.  2009.  Effect of elusieve fractionation on physical properties of distillers dried grains with solubles (DDGS).  
Paper No. 095567.  2009 ASABE Annual International Meeting, Reno, NV.  Presented June 23, 2009. 
•  Rosentrater, K. A., F. Teymouri, and K. F. Kalscheur.  2009.  Quantifying livestock feed value of AFEX-treated DDGS and subsequent biorefinery 
byproducts.  Paper No. 9448.  31st Symposium on Biotechnology for Fuels and Chemicals, San Francisco, CA.  Presented on May 4, 2009. 
Manufacturing fuel ethanol from corn 
Traditional uses for current corn-based coproducts 
Expanding uses for 
current coproducts 
Emerging uses for 
evolving coproducts 
Coproducts
Livestock Feed
Landfill
Coproducts
Livestock Feed
Landfill
High-Value
Animal Feed
Human Foods
Biofuels
Energy
Plastic
Composites
Chemicals
Nutraceuticals
Other Uses
E
xp
an
di
ng
 u
se
s
Coproducts Livestock Feed
Other
Intermediates
High-Value
Animal Feed
Human Foods
Biofuels
Energy
Plastic
Composites
Chemicals
Nutraceuticals
Landfill
High-value components
Mid-value components
Low-value components
Component
Fractionation
Recycling / Reuse within plant
0
2000
4000
6000
8000
10000
12000
14000
16000
19
80
19
82
19
84
19
86
19
88
19
90
19
92
19
94
19
96
19
98
20
00
20
02
20
04
20
06
20
08
20
10
20
12
20
14
20
16
20
18
20
20
Year
F
u
el
 E
th
an
ol
 (g
al
) x
 1
0 6
0
5
10
15
20
25
30
35
40
45
C
op
ro
du
ct
s 
(t
) x
 1
0 
6
Ethanol Production
RFS Mandated Production
Coproduct Generation
Growth of U.S. fuel ethanol industry 
BACKGROUND 
•  U.S. corn-based fuel ethanol industry growing 
•  Dec. 2010: 204 plants, 13,771 Mg/y (RFA, 
2010) 
•  RFS: 15,000 Mg/y of biofuel by 2015 
•  DDGS is the primary coproduct from ethanol 
manufacturing 
•  DDGS levels will approach 30-40 million t/y 
•  DDGS is used as a feed ingredient in 
livestock diets (Kleinschmit et al., 2007a, 
2007b) 
EMERGING USES FOR EVOLVING COPRODUCTS 
Other Animals (Liu & Rosentrater, 2011) Human Foods (Liu & Rosentrater, 2011) Plastic Composites (Liu & Rosentrater, 2011) Energy by Thermochemical Conversion Energy by Anaerobic Digestion 
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U.S. horse and pony data  
U.S. sheep data  
Global Nile tilapia production 
• Promising animals include sheep, horses, fish  
Animal 
Type 
DDG/ 
DDGS 
Inclusion 
(%) 
Diet Composition Digestibly 
of Dry 
Matter (%) 
Average 
Daily 
Gain 
(g/day) 
Reference 
  Crude 
Protein 
(%) 
NDF 
(%) 
ADF 
(%) 
Energy 
(kcal/g) 
   
Weanlings, 
12 fillies, 
4 colts, 
276 kg 
 
15 
(corn 
DDGS) 
16.3 32.9 22.2 2.60 51.09 610 Bonoma et 
al., 2008 
4 mature 
geldings, 
400 kg 
 
 
0 
5 
10 
(DDGS) 
7.5 
7.5 
7.4 
  1.84 
1.85 
1.75 
44.05 
40.05 
41.39 
 Leonard et 
al., 1975 
12 mature 
horses, 
460 kg 
 
 
0 
9.1 
18.2 
(DDGS) 
9.2 
9.7 
11.5 
  1.91 
1.93 
1.59 
43.01 
42.14 
41.54 
 Leonard et 
al., 1975 
Varying 
ages 
 
 
 
 
0 
5 
10 
20 
(DDGS) 
      Pagan, 1991 
 1 
Use in sheep diets  
Use in horse diets  
Animal 
Type 
DDG/ 
DDGS 
Inclusion 
(%) 
Diet Composition Average Daily Gain 
(g/day) 
Reference 
  Crude 
Protein 
(%) 
NDF 
(%) 
ADF 
(%) 
Energy 
(kcal/g) 
  
Lambs,  
growing,  
mixed,  
25 kg 
 
 
0 
15 
30 
(corn 
DDGS) 
    284 
285 
221 
Gutierrez Zetina et 
al., 2009 
Lambs,  
growing,  
unspecified, 
33 kg,  
43 kg 
 
7.5 
15.0 
(corn 
DDGS) 
     Flores et al., 2008 
Lambs,  
finishing,  
mixed,  
35 kg 
 
Up to 100 
 (malt 
DWG) 
23.5 61.8 24.7 2.63 100-206 Vipond et al., 1995 
Lambs,  
finishing,  
wethers,  
43 kg 
 
22.9 14.6   3.4 290 Huls et al., 2006 
Ewes,  
pregnant,  
73 kg 
 
Up to 100 
 (malt 
DWG) 
23.2 63.9 27.1 2.72  Vipond et al., 1995 
Ewes Up to 20%      Held, 2006 
 1 
DDGS (%) Ingredient(s) replaced Stage/Weight (g) Days Fish meal (%) Lysine (%) Optimal inclusion (%) Reference 
17.5-27.5 Corn and SBM Juvenile (34.9-67.7) 55 5 no 17.5-20 Shaeffer et al (2010) 
20-40 Corn and SBM Juvenile (6.7-12.1) 42 5 no 20 Shaeffer et al (2009) 
14-55 Corn and SBM Fingerlings (2-22.6) 70 10 0-0.4 28 to 55 Abo state et al (2009) 
30-60 Corn and SBM Juvenile (6.7-76) 84 8 0.5-0.9 up to 60* Shelby et al (2008) 
10-40% Corn and SBM Juvenile (9.4-60.5) 70 8 0-0.4 20 Lim et al (2007) 
30.00 FM and SBM Juvenile (2.7-68.5) 70 0-8 no 30 Coyle et al. (2004)* 
100.00 - Juvenile (26-120.5) 84 0 no  - Tidwell et al. (2000) 
63-82  CGF and SBM Fry (0.5-11.9) 56 0 0.25-0.75 none Wu et al (1997) 
35-49 Corn Fry (0.4-20.7) 56 0 no 35 Wu et al (1996) 
19-29 Corn and SBM Juvenile (30-123.5) 103 0-6 no up to 29 Wu et al (1994) 
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Use in tilapia diets  
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• High protein, high fiber, low starch  
•  Ideal for diabetic and Celiac patients  
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Property 0 10 20 30 40 
Ultimate tensile stress (UTS) 
     psi (MPa) 
8894 
(61.3) 
6481 
(44.7) 
4097 
(28.2) 
3385 
(23.3) 
3290 
(22.7) 
Break stress 
     psi (MPa) 
8754 
(60.4) 
6436 
(44.4) 
3448 
(23.8) 
3051 
(21.0) 
2887 
(19.9) 
Young’s modulus 
     psi (MPa) 
270,690 
(1866) 
304,130 
(2097) 
278,160 
(1918) 
251,830 
(1736) 
305,140 
(2104) 
Flexural modulus 
     psi (MPa) 
342,732 
(2363) 
326,891 
(2254) 
338,135 
(2331) 
338,071 
(2331) 
300,872 
(2074) 
Elongation to UTS, % 5.1 3.3 2.3 2.0 2.0 
Elongation to break, % 5.4 3.4 2.8 2.3 2.2 
Hardness – Shore D 79 77 77 77 78 
 
Phenolic resin & DDGS 
• DDGS contains high fiber 
• Amendable to bio-based composites 
Polylactic acid (PLA) & DDGS 
Properties of PLA composites 
Effects of biofillers 
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DDGS - 16 MJ/kg
DDGS - 20 MJ/kg
DDGS - 24 MJ/kg
Natural Gas - 38.3 MJ/m3
F
u
el
 P
ri
ce
 (
$/
M
J
)
Coproduct n Higher Heating Value (HHV) Ash (% db) Citation 
  (BTU/lb) (MJ/kg)   
DDGS - 9422 21.87 4.13 AURI, 2009 
 30 9133.51 21.20 - Bhadra et al., 2010 
 4 9349 21.75 3.89 Morey et al., 2009 
      
DDG - 9848 22.86 2.24 Auri, 2009 
 5 9288.61 21.56 - Bhadra et al., 2010 
      
DWG 5 9438 21.95 2.58 Morey et al., 2009 
      
CDS 5 8482 19.73 7.02 Morey et al., 2009 
 1 
Properties relevant to 
thermochemical conversion  
Energy content of ethanol 
coproducts and other biomass  
Comparison between natural 
gas and DDGS for use as fuel 
Various thermochemical 
conversion processes  
• DDGS and other coproducts can be converted to heat 
and power (Liu & Rosentrater, 2011) 
0.0
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1% Sucrose
Blank
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Whole Stillage
CDS
887.5910.0650.0----COD
85.6692.4585.9560.871.00VS/TS (%)
270.1107.853.214.01000Volatile Solids 
(g/L)
315.3116.661.923.01000Total Solids (g/L)
CDSWhole StillageThin StillageInoculumSucrose 
(g/kg)
Property
Substrate
73.973.174.1Methane as Proportion of Biogas (%)
25.0212.018.84(ft3 / gal substrate)
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3.371.581.63(ft3 / lb COD)
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Biogas and methane production 
Initial characteristics of coproducts 
Cumulative biogas and 
methane produced in BMPs 
Potential methane production 
• Coproducts appear promising as 
sources of energy  (Liu & 
Rosentrater, 2011) 
Fractionation  (Liu & Rosentrater, 2011) 
• Nutrient concentration offers new possibilities 
for utilization 
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Ash (%)
Carb (%)
ADF (%)
NDF (%)
MC (% db)
AoR (deg)
LBD (g/cm^3)
PBD (g/cm^3)
HR (-)
3.
2
2.
4
1.
6
14
.0
13
.5
13
.0
444240 0.
53
5
0.
53
0
0.
52
5
0.
58
0.
57
0.
56
1.
10
0
1.
07
5
1.
05
0
1284 363432 8.
8
8.
0
7.
2
5.
04
4.
92
4.
80
545250 131211 363330
0.9
0.6
0.3
3
2
1
14.0
13.5
13.0
44
42
40
0.535
0.530
0.525
0.58
0.57
0.56
1.100
1.075
1.050
12
8
4
36
33
30
9
8
7
5.0
4.8
4.6
55.0
52.5
50.0
13
12
11
Sample
Big
Original
Pan
Process to 
fractionate DDGS 
(Rosentrater & 
Srinivasan, 2009) 
a) Original DDGS; b) big 
DDGS; c) pan DDGS  
Relationships between properties 
  Big     Original     Pan   
Property Mean St Dev   Mean St Dev   Mean St Dev 
Protein 31.85 a 1.06  33.00 a 0.99  37.25 b 0.21 
Lipid 8.65 a 0.07  7.95 b 0.07  7.00 c 0.01 
Ash 4.70 a 0.01  4.70 a 0.01  5.00 b 0.01 
Carbohydrate 54.80 a 1.13  54.35 a 0.92  50.75 b 0.21 
ADF 11.60 a 0.71  12.40 b 0.57  11.45 a 0.07 
NDF 34.55 a 0.49  37.80 b 0.14  29.15 c 0.21 
 1 
Composition of fractions 
DDGS
NH3 Makeup
Biomass pump mix Reactor
H2O Recycle
Separation
NH3 Recycle
Treated
DDGS
Compressor
H2O 
Makeup
ΔP
15
17
19
21
23
25
27
2/27/2008
9:50
2/27/2008
13:26
2/27/2008
17:02
2/27/2008
20:38
2/28/2008
0:14
2/28/2008
3:50
2/28/2008
7:26
2/28/2008
11:02
G
as
 (p
si
)
Blank
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
DDG #  6 h St dev  24 h St dev  48 h St dev 
1  49.3 1.51  62.8 1.29  72.3 1.91 
2  69.1 0.69  79.0 0.58  84.5 1.12 
3  54.2 1.85  60.2 1.55  60.0 4.09 
4  60.4 5.42  60.5 2.32  62.8 0.99 
5  47.8 4.74  53.9 3.33  49.3 1.98 
6  42.1 1.96  43.4 1.85  45.9 3.38 
 
Conversion (Liu & Rosentrater, 2011) 
• Increasing ethanol production by converting 
cellulose and hemicellulose into ethanol 
(Rosentrater et al., 2009) 
• Increasing value by augmenting DDGS 
quality 
Accumulated gas production 
curves for 24 h incubation 
In vitro DM digestibility 
(%) at 6, 24 and 48 h 
Fiber treatment process 
Conversion of fractions 
DDGS 
Other Opportunities 
• Phytase addition 
• Improve P absorption in monogastric 
animals fed DDGS 
• Reduce P excretion in manure 
• Other enzymes 
• Combinations of cellulases and xylanases 
• Benefits for ethanol production and  
DDGS digestibility 
• High value components 
• Zein – films, plastics 
• Phytosterols - inhibit absorption of dietary 
cholesterol in humans 
• Cyclodextrins – food and pharma uses 
• Low value components 
• Fibers – cellulose, hemicellulose, lignin 
• New types of processing techniques 
• Cold-cook processing 
• Very high-gravity fermentations 
